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In 2006, the Dong Energy Solar Challenge (DSC) was initiated in Friesland. Participants in the race 
have to sail a 220 km trajectory with several legs on solar energy only. Leg distances vary between 5 km 
(sprint) and 56 km (endurance). The onboard electrical system’s voltage may not exceed 52 V. Typical 
power consumption for an A-class boat is 1.2 kW for long distances and 5 kW for sprints [1].
NHL University of Applied Sciences (NHL) participated in the DSC with a solar-powered racing boat, 
see Fig 1 [2,3]. We optimized the propeller design and compared monitoring data from the race in 2012 
with a new challenge in 2014 to determine the increase in efficiency. 
Fig 1. NHL PV-powered racing boat 
2. Research methodology  
In order to optimize the working of sub-components in our race boat, we analyzed the power flows 
from the photovoltaic (PV) system to the propeller while taking the hull resistance in consideration. We 
mapped the components in the system and how they are related to each other, see Fig. 2. This shows that 
the hull resistance has influence on the dimensioning of the PV system, since the power generated by the 
PV system is an indicator for the amount of thrust the propeller can deliver, considering the distance of 
sailing and time of the day.  
 
 
 
 
 
 
Fig. 2. Overview of components which influence the performance of a PV boat. Wiring is not included in this 
overview, but should not be neglected as a possible source of losses if high currents are involved. 
 
A PV boat can be divided into a mechanical and an electrical domain. The electrical domain consists 
out of the PV system, the battery and the motor controller unit (MCU). The mechanical domain consists 
out of the electrical motor, gear box and propeller. The link between these domains is the electrical motor.  
The PV modules provide a voltage Upv, which is transformed by MPPTs to a voltage Umppt to charge 
the battery. The battery provides the voltage Ubat which is transformed by the MCU to apply a voltage 
Umcu accross the electrical engine. The electrical engine has an angular velocity Ȧeng according to the 
voltage Umcu, in the ratio 1:K. K is a constant do describe this ratio as shown in section 3.3. Connected 
with axles and/or a gearbox, a propeller starts rotating with an angular velocity Ȧprop to give the hull a 
certain speed.  
MPPT Battery MCU Electrical 
motor 
Stern-drive 
/ gear-box 
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module
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Upv Umppt Ubat Umcu Ȧeng Ȧprop v 
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Depending on the speed v of the hull, a resistance F is seen by the hull. This resistance F translates into 
a torque Tprop from the propeller. The torque from the propeller results in a torque Teng from the engine 
which results in a current Imcu from the MCU. The energy needed is withdrawn from the battery, and is 
balanced with a well-dimensioned PV system.  
We used a displacement hull and the relationship between the power and the speed can be empirically 
determined, see equation 1 [10]. We characterized the hull with drag tests. Then, we characterized the 
electrical engine and we determined the relationships between the electrical power and the mechanical 
power of the drive train. Finally, we estimated the available energy under various sailing scenarios to find 
optimal parameters for propeller design.
3. Results 
The boat characteristics determine the power need to propel the boat, see equation 1.  
 
ܲ ൌෝ ܿ ή ݒଷ          (1) 
 
with: 
ܲ   = power [W]
ܿ  = constant describing the hull’s resistance [-] 
ݒ  = speed [m/s] 
 
The drive train consists out of a motor controller unit, an electrical motor, stern drive and a propeller. 
The power (or thrust) of a propeller is dependent on the angular velocity and torque. 
 
ܲ ൌ ߱ ή ܶ          (2) 
 
with: 
߱  = angular velocity [rad/s] 
ܶ   = torque [Nm] 
 
The efficiency for the motor with an arbitrary voltage and current can be found with equation 3. The 
voltage over an electrical engine determines the angular velocity of the engine, which will be proved in 
equations 4 to 7. With these motor variables (angular velocity and efficiency), the corresponding current 
which is needed, can be found. As a result of that, angular velocity and torque of the propeller can be 
determined. 
 
ߟ௠௢௧௢௥ ൌ ሺ߱ ή ܶሻȀሺܷ ή ܫሻ        (3) 
 
with: 
ܷ  = voltage [V] 
ܫ  = current [A] 
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Fig 3. Typical schematic of an electrical motor model for a permanent magnet DC motor 
 
When considering the motor model as shown in Fig. 3, the optimum efficiency for a certain voltage 
and current can be found. The motor can be characterized with four parameters, which are ܭ, ܴ௦, ௙ܴ and 
௙ܶ, where ܭ is a constant which describes the conversion from the electrical domain to the mechanical 
domain. ܴ௦ is the series resistance of the electrical components from battery to electrical engine. ܴ ௙  is the 
viscous friction of bearings in the electrical motor and gearboxes or axle supports. ௙ܶ is the static friction 
[11]. From the schematic shown in Fig. 3, the equations 4 to 7 can be formulated: 

ܷ െ ௘ܷ௠௙ ൌ ܫ ή ܴ௦         ሺͶሻ

௧ܶ௢௧௔௟ ൌ  ௙ܶ ൅
ఠ
ோ೑
൅ ܶ         ሺͷሻ

௘ܷ௠௙ ൌ ܭ ή ߱         ሺ͸ሻ

௧ܶ௢௧௔௟ ൌ ܭ ή ܫ         ሺ͹ሻ

with: 
௘ܷ௠௙  = back EMF voltage dependent on angular velocity [V] 
௧ܶ௢௧௔௟  = Torque measured at the axle [Nm] 
 
By rewriting equations 4 to 7, the following relationships can be found: 
 
߱ ൌ ௎ή௄
௄మାೃೞೃ೑
െ ோೞ
௄మାೃೞೃ೑
 ή  ൫ܴ௦ ൅ ௙ܶ൯       (8) 
 
ܫ ൌ 
்ା்೑ା
ഘ
ೃ೑
௄
          (9) 
 
With equations 3 to 9, the efficiency of the electrical motor for an arbitrary angular velocity and 
corresponding torque value can be determined. As a result, the corresponding voltage and current can be 
found. In order to determine the optimum efficiency of an electrical motor, the values of several variables 
need to be determined, which are 1) the intended distance ܦ for the boat to sail, 2) the intended speed ݒ 
and 3) the irradiation I during the time of sailing. Then the available energy ܧ during a period ݐ of sailing 
can be determined with equation 10. Equation 10 is adapted from [12] and completed with equation 1.
 
ݒ ൌ  ξܧయ  ή  ඥͳȀݐయ  ή ͳȀξܿయ         (10) 
 
with:
ݒ   = speed [m/s]
U 
Rs I 1:K
Uemf 
Ttotal
1/Rf Tf T Ȧ 
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ݐ   = time of sailing [s]
ܧ   = available energy [Wh] 
 
The available energy ܧ consists out of the battery energy and PV energy. When considering equations 
10 to 12, for an arbitrary distance, energy availability and boat speed, an optimum can be found for the 
average, and thus most efficient, sailing speed.
 
ݐ ൌ ܦȀݒ          (11) 
 
ܲ ൌ ܧȀݐ          (12) 
 
with: 
ܦ   = distance of sailing [m] 
 
For a certain distance D and speed v, this results in the power available during the sailing time t 
(equation 10 and 11). The optimum motor efficiency for a certain torque and angular velocity can be 
determined. Finally, optimal parameters for a propeller can be determined for a narrow power range 
which the PV boat will need for a certain distance and speed with equations 3 to 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Improvement in speed-power relations after optimizing the propeller for our PV-powered racing boat by 
considering the available energy from the PV system. 
 
We applied the approach described in this paper to our solar boat and we determined the power-speed 
ratio before and after we optimized the propeller with data from the PV system. As can be seen in Fig. 4, 
the power need to reach a certain speed is lower for the 2014 boat compared to the 2012 boat. On 
average, the efficiency improved by 15% and sometimes showing over 20% increased efficiency. Since in 
our case the voltage increased to drive the engine more efficiently, the voltage ceiling is reached earlier, 
resulting in a lower top speed. 
4. Discussion and Conclusions 
We calculated parameters to design a new propeller for a PV-powered racing boat considering the 
available energy from the PV system during races. This resulted in a 15% efficiency increase. 
1906   Tim Gorter /  Energy Procedia  75 ( 2015 )  1901 – 1906 
When the hull’s resistance constant, the intended distance to sail and the intended speed are known, 
the optimal configuration for the electrical motor and the propeller can be made when the solar irradiation 
and thus the available energy is estimated. 
 The optimal working point for an electrical motor and a propeller is narrow. This means that with 
different powers, thus different torques and revolutions, the engine might not work optimally. As a result, 
it can be difficult to design a drive train for a PV boat with a broad range, especially considering PV boats 
intended for racing purposes with high variations like cruise speed (endurance) and top speed (sprint). In 
such cases the designer can consider designing two or more propellers for different workloads of the 
engine, to reach optimum efficiency.  
Some MCUs cannot boost the battery voltage, therefore it is important to consider the maximum 
voltage of the battery in relation to the maximum angular velocity of the engine. Another important 
consideration is the choice of battery. Certain battery technologies have a high internal resistance which 
on loads with high currents can make the voltage drop considerably, resulting in poor performance and a 
decreased maximum angular velocity of the engine and thus the propeller, which subsequently results in a 
lower top speed of the boat.  
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